Introduction
Preduodenal, acid-stable lipases (EC 3.1.1.3) are lipolytic enzymes that hydrolyze dietary triglycerides. The anatomical location of these acid lipases depends on the animal species: it is pharyngial in preruminant species such as the calf and lamb, lingual in rodents (mice, rats) and gastric in the horse, dog, cat, rabbit, guinea-pig, hog, baboon, macaque and man (Moreau et al, 1988a) . In humans, gastric lipase (HGL) is present in a restricted area of the stomach, the fundic mucosa, extending from the oesophagus to approximately the middle of the stomach (Abrams et al, 1988; Moreau et al., 1988b) , where it is produced by the chief cells of the fundic glands (Moreau et al., 1989) . HGL can act under acidic pH conditions and catalyzes the first step in the hydrolysis of dietary triglycerides in the stomach. The secreted HGL remains active in the duodenum, however (Carriere et al., 1993) . Thus the enzyme also contributes to intestinal lipolysis and acts in synergy with pancreatic lipase. Overall HGL lipolysis is responsible for the conversion of approximately one-quarter of the total ingested triglyceride acyl chains into monoglycerides (Carriere et al., 1993) .
Acidic lipases include not only preduodenal lipases but also lysosomal acid lipase. All these lipases are characterized by their great stability and by their enzymatic activity under acidic pH conditions, and show a high degree of sequence similarity. However, no homologies between preduodenal lipases and other mammalian or bacterial lipases have been detected, except in a region centering on the active serine residue located at the hinge of the 'nucleophilic elbow': (Ollis et al, 1992) , which has been found in other lipases to participate, together with a histidine and an aspartic (or glutamic) residue, in the charge relay system. The HGL cDNA has been cloned (Bodmer et al., 1987) . It encodes a 379 amino acid mature protein with a molecular mass of 43 kDa and a 19 amino acid signal sequence. Natural (n) HGL (molecular mass 50 kDa) is a highly glycosylated protein because the glycan part amounts to 14% of the total-molecular mass of the protein.
(LIV)-X-(LIVFY)-(LIVST)-G-(HYWV)-S-X-G-(GSTAC)
Expression of the HGL in Escherichia coli led to the production of an inactive insoluble material (inclusion bodies) which was very difficult to solubilize (T. Crabbe, personal communication) . Some authors (Bodmer et al., 1987; Smerdon et al, 1995; Crabbe et al, 1996) have expressed the protein in yeast. Smerdon et al. (1995) and Crabbe et al. (1996) succeeded in obtaining some catalytically active material but found HGL to be mostly associated with the cell wall. Most of the secreted HGL in Schizosaccharomyces pombe had a higher molecular mass than nHGL because of hyperglycosylation of the protein, whereas the secreted recombinant (r) HGL produced in Saccharomyces cerevisiae had either the same (Smerdon et al, 1995) or a lower (Crabbe et al, 1996) molecular mass than nHGL.
In a preliminary study, we produced HGL fused with the maltose binding protein from E.coli and obtained a soluble fusion protein with no activity towards triglycerides (data not shown). To overcome the hyperglycosylation problems encountered in the yeast system, we expressed HGL in the baculovirus/insect cell system. Here we describe the production of pure and active HGL and the kinetic characterization of the recombinant protein. The baculovirus/insect cell system has several advantages compared with other expression systems: the protein can be produced in large amounts (up to 130 mg/1; Bustos et al, 1988) and the system lends to post-translational modifications which are similar to The restriction enzyme sites are in bold.
those observed in mammalian cells. On the other hand, glycosylation is not complete in this system. The heterologous glycoproteins expressed in the baculovirus/insect cell system often carry high-mannose chains because the carbohydrate chains are not completely processed. This is in fact an advantage for future crystallization experiments because it has been reported that the large carbohydrate moieties in HGL are not favorable to crystallization experiments, partly as a result of the charge heterogeneity and the large cell dimension crystals (Moreau et al., 1992) .
Materials and methods

Materials
Human stomach poly(A) + mRNA was obtained from Clontech Laboratories (CA). AmpliTaq was supplied by Perkin-Elmer. The geneclean kit was purchased from Bio 101. PVL 1392 baculovirus transfer vector and BTI-TN-5B1-4 insect cells (commonly called High Five™ cells) were obtained from Invitrogen. The expression vector system using Baculogold™ virus and insect cells S/21 were supplied by Pharmingen. Methods Production of the HGL gene. HGL cDNA was synthesized by RT-PCR amplification. Human stomach mRNA was used as a template for synthesizing the first strand of cDNA catalyzed by avian myeloblastosis virus reverse transcriptase for 60 min at 37°C (Sambroook et al., 1989) . The two PCR primers (Table I , primers 1 and 2) were used to amplify the HGL sequence present in the pool of the first-strand cDNA (cycling program 94°C for 5 min, 30 cycles of 1 min at 52°C, 2 min at 72°C and 30 s at 94°C). In all the PCR amplifications, ampliTaq was used. Two restriction sites, Pstl and BamHl, were created at the 5' and 3' ends of HGL gene, respectively, to orientate the insert in the final step. The amplified reaction product was purified with the geneclean kit, cloned into a pUC 18 plasmid at restriction sites Pstl and BamHl and then entirely sequenced by the Sanger et al. (1977) dideoxy-mediated chain termination method.
Construction of recombinant transfer vectors.
The plasmid containing the 1.2 kb HGL cDNA (construction g) cloned into pUC 18 was digested with Pstl and BamHl and the HGL cDNA was introduced into the PVL 1392 baculovirus transfer vector downstream of the strong polh promoter. The recombinant transfer vector was cotransfected with a baculovirus that had been deleted from essential parts of the virus genome (Baculogold™ virus).
A variant encoding the melittin signal peptide (SP) of Apis melifica (Mollay et al., 1982; Tessier et al, 1991; Table IT) fused to HGL from Leul to Lys379 was created by PCR using oligonucleotides 3 and 2 ( Table I ). The annealed oligonucleotide 3 (94mer) encodes the entire SP of melittin, followed by the first seven residues of mature HGL. The purified fragment contains a Pstl site at the 5' end and a BamYU site at the 3' end, allowing it to be introduced into PVL 1392. The resulting plasmid was subjected to a sequence analysis. The transfer vector was cotransfected with a baculovirus as described above.
Another mutant encoding the human pancreatic lipase (HPL) SP (Lowe et al, 1989; Table II) followed by the first three residues of HPL (Lys-Glu-Val) fused to HGL from Lys4 to Lys379 was constructed. The fragment containing the HPL SP and the first three residues of HPL was amplified with primers 4 and 5 (Table I) , using human pancreatic cDNA (a generous gift from Mark Lowe) as a template, purified and digested with Pstl and Alul. Another fragment spanning Lys4 of mature HGL to Lys379 was synthesized using primers 6 and 2 (Table  I) , isolated and digested with Pvull and BamHl. Alul and PVKII cleavage results in blunt-ended fragments that can then be ligated. As the resulting ligated construction (construction p) contains a Pstl site at the 5' end and a BamHl site at the 3' end, the same cloning and sequencing strategy as that described above could be used.
Insect cell culture and transfections. The insect cell line Spodoptera frugiperda S/21 was cultured in TNM-FH insect medium (Sigma) supplemented with 5% fetal bovine serum (Sigma) at 27°C. The S/21 cells were cotransfected with Baculogold™ DNA and recombinant transfer vector PVL 1392 as indicated by the manufacturer. Baculogold™ DNA is a modified wild baculovirus DNA which contains a lethal deletion and cannot develop into a viable virus by itself. Recombination between the flanking regions of the polyhedrin gene from the transfer vector and modified wild-type baculovirus DNA therefore results in 100% recombinant baculovirus DNA. The recombinant virus stock was amplified by several rounds of culture, and a high titer virus stock solution was harvested. To express the protein on a larger scale, BTI-TN-5B1-4 insect cells were grown in a serum-free medium (Excell™ 405 from JRH Sciences, Lenexa, USA) prior to infection at a multiplicity of infection of 3.
Lipase assay. Lipase activity was measured potentiometrically on short-chain triacylglycerols (e.g. tributyroylglycerol) at 37°C using a pH-stat (TTT 80, Radiometer) at pH 5.7 and 6.0 in the case of recombinant and natural enzyme, respectively. The standard assay conditions consisted of a mechanically stirred emulsion of 0.5 ml tributyrin (Fluka), 14.5 ml 0.9% NaCI (w/v), 0.01% bovine serum albumin (BSA; w/v) and 2 mM NaTDC (Gargouri et al, 1986) .
When determining pH profiles of the hydrolysis rates of short-, medium-and long-chain triacylglycerols (see Figure  3) , HGL was incubated with the emulsified substrate at the Table II . Nucleotide sequences and deduced amino acid sequences of the HGL constructions with various SPs from HGL (g) (Bodmer ei al., 1987) , melittin (m) (Mollay et al., 1982; Tessier et al., 1991) and HPL (p) (Lowe et al, 1989) Construction Sequence chosen pH for variable periods of time (from 2.5 to 10.0 min) and the protons released were titrated by shifting the pH value up to pH 9.0, as described previously (Gargouri et al., 1986) . A mechanically stirred emulsion of 0.5 ml tributyroylglycerol or 0.5 ml trioctanoylglycerol in 14.5 ml 0.9% NaCl (w/v), 0.01% BSA (w/v), 2 mM NaTDC was used for the short-and medium-chain assays. For the long-chain assay, Intralipid™ 30% (from Kabivitrum) was diluted three times (final concentrations: purified soybean oil USP 100 g/1, purified egg phospholipids 4 g/1, glycerol anhydrous Ph. Eur. 5.57 g/1) with 150 mM NaCl, 3.5 mM CaCl 2 and 30 uJvl BSA.
One unit of HGL activity corresponds to the release of 1 (imol fatty acid per minute. Purification ofrHGL. Typically, 500 ml cultures of recombinant baculovirus-infected insect cells were harvested between 2 and 3 days post-infection and the cells pelleted by centrifugation at 5000 g for 5 min. The culture supernatant was adjusted to pH 4.0 with acetic acid and SP Sepharose Fast Flow (Pharmacia) equilibrated in 20 mM sodium acetate (pH 4.0), 0.15 M NaCl was added directly and mixed at 4°C for 30 min. About 10 ml gel were used per liter of culture supernatant. SP Sepharose was packed into a chromatography column (10 mm internal diameter) and washed extensively with 20 mM sodium acetate (pH 4.0), 0.15 M NaCl. HGL was eluted by a 20 mM sodium acetate (pH 4.0), 0.3 M NaCl buffer. The flow rate was adjusted to 2 ml/min. The protein elution profile was recorded spectrophotometrically at 280 nm.
Protein determination. The protein content of crude extracts or supernatant was measured as described by Lowry et al. (1951) using BSA as a standard. When purified, the amount of nHGL was estimated spectrophotometrically at 280 nm using the absorbance coefficient A1*%,, = 15.8 . Amino acid and N-terminal sequence analysis. An amino acid analysis was carried out with an autoanalyzer (Beckman model 6300) after hydrolyzing the protein sample for 24 h with 6 M tridistilled HC1 in sealed tubes. Automated Edman protein degradation was performed using an Applied (model 470 A) gas-phase sequencer. The phenylthiohydantoin amino acid derivatives were identified by performing HPLC on a PTH C-18 Brownlee column (2.1 X220.0 mm), eluted with a methanol gradient (10-46%) in 7 mM sodium acetate (pH 4.84) and quantified by an integration program on a Waters 840 data control station.
Isoelectric focusing. Isoelectric focusing was performed using IEF pre-cast gels (from Novex) (coated with polyacrylamide gel and forming a linear gradient of pH 3-10 with ampholines) and the isoelectric point (pi) calibration kit from Pharmacia (pH range 3.5-9.3). The IEF System was used according to the manufacturer's instructions (Novex): the samples (1 (Xg in 1 (il) were diluted 20 times in the sample buffer [sample buffer 0.58 g arginine (free base), 0.7 g lysine (free base), 3 ml glycerol, 7 ml H 2 O] and loaded onto an IEF pre-cast gel. The following conditions were used: cathode buffer, 2.9 g arginine (free base), 3.5 g lysine (free base), H 2 O to 100 ml; anode buffer, 4.7 g phosphoric acid, H 2 O to 100 ml; power conditions, constant voltage (100 V for 1 h, 200 V for 1 h and 500 V for 30 min). The plates were stained with Coomassie blue to reveal the protein. The following reference proteins were used as pi markers: trypsinogen 9.30; lentil lectin basic band 8.65; lentil lectin middle band 8.45; lentil lectin acidic band 8.15; horse myoglobin basic band 7.35; horse myoglobin acidic band 6.85; human carbonic anhydrase B 6.55; bovine carbonic anhydrase B 5.85; (3-lactoglobulin A 5.20; soybean trypsin inhibitor 4.55; amyloglucosidase 3.50. Gels were scanned on a GS 700 imaging densitometer PC (Bio-Rad). Laemmli (1970) using 12% polyacrylamide gels. Samples were subjected to gel electrophoresis under either nonreducing or reducing conditions [with 2% (v/v) P-mercaptoethanol] and the proteins were stained with Coomassie brilliant blue R 250 or silver nitrate. The following reference proteins were used for molecular mass determinations: phosphorylase b (M r 94 000), albumin (M r 67 000), ovalbumin (M r 43 000), carbonic anhydrase (M r 30 000), trypsin inhibitor (M r 20 100) and a-lactalbumin (M r 14 400).
SDS-PAGE. SDS-PAGE was performed according to
Western blot analysis of recombinant protein.
After separating the proteins from the media or from the crude extracts on 10% polyacrylamide gels, SDS gels were transferred to nitrocellulose membranes as described previously (Gershoni and Palade, 1982) and incubated with a polyclonal rabbit antiserum to purified HGL (final dilution 200X). The immunoreactive proteins were detected using a goat anti-rabbit IgG conjugated with horseradish peroxidase and by covering the membrane with enhanced chemiluminescence reagents (from Amersham) and exposing it briefly to blue light-sensitive autoradiography film (Hyperfilm ECL from Amersham).
Results and discussion
Production of rHGL by High Five™ cells
High Five™ cells were cotransfected with the baculovirus transfer vector PVL 1392 containing HGL sequence construction g (HGL SP oligonucleotide fused to the sequence coding for the first amino acid of HGL mature protein; see Table II) inserted downstream of the polyhedrin promoter. Cells were grown as described in Materials and methods. A protein with a molecular mass of ~45 kDa was detected in the cell supernatant 48 h post-infection ( Figure 1A, lane 4) , which accumulated in the culture medium with time ( Figure 1A,  lanes 4-7) . This protein reacted specifically with the HGL antibodies ( Figure IB, lanes 8-10) . The recombinant protein migrated slightly faster than the nHGL ( Figure 1A , lanes 9 and 10). This was probably a result of differences in protein glycosylation between mammals and insect cells in which it was not complete.
The amount of HGL accumulated in the supernatant of insect cells was monitored directly at various post-infection times by measuring the lipase activity ( Figure 1C ). The highest HGL activity was ~10 units/ml of cell culture, which was recorded 3 days post-infection. From day 3 onwards, activity decreased slightly with time. This decrease is concomitant with the data on cell lysis and proteolytic degradation of HGL (Figure 1 A, lanes 6 and 7) . The insect cell lysosomal proteases released from lyzed cells may be accounted for by degradation of HGL in the culture medium. The intact insect cells accumulated a protein with a molecular mass of ~50 kDa, which also reacted specifically with HGL antibodies (data not shown). Intracellular HGL was not enzymatically active on tributyroylglycerol as a substrate. These data indicate that there can exist rate-limiting steps during the early stages in HGL secretion. The entry of biosynthesized enzyme into the secretory pathway and the cleavage of SP have been found to be essential for the secretion of papain precursor in the baculovirus/insect cell system (Vemet et al., 1990) .
To obtain a more efficient secretion of HGL by insect cells, we replaced the SP of HGL with SP sequences of proteins efficiently secreted by insect cells. The honeybee melittin SP (Mollay etai, 1982;  Table II ) was used successfully to enhance secretion of the papain precursor (Tessier et al., 1991) . The probability of signal peptidase cleavage occurring at the melittin-HGL junction was evaluated as described by von Heijne (1986); it was found to be maximum after the Ala-1 of melittin SP. The first construction (construction m; Table II) was the baculovirus transfer vector PVL 1392 containing the melittin SP oligonucleotide fused to the nucleotidic sequence coding for HGL mature protein from the first residue onwards. The HPL SP was also checked because an efficient expression of HPL in insect ceils has been reported to occur, usually leading to the production of ~40 mg/I culture (Thirstrup et al., 1993) . In the latter case, we attempted to keep the cleavage site constant after Gly-1 of pancreatic SP. As the signal peptidase probability at the HPL SP-HPL junction was more favorable than at the HPL SP-HGL junction, as evaluated according to von Heijne (1986), we decided to keep the nucleotide sequence corresponding to the first three N-terminal amino acids of mature HPL (Lysl-Glu2-Val3) and to fuse it to the nucleotide sequence encoding nHGL from the fourth amino acid (Lys) onwards (construction p; Table II) .
When insect cells were infected under the same conditions with the construction containing the HPL SP, the secretion of 1228 HGL was enhanced ~2-fold ( Figure 1C ). We measured -18 lipase units/ml cell culture 3 days post-infection on tributyroylglycerol. The rise in HGL activity in cell supernatant in fact resulted from an increase in the rate of secretion, as checked by a Western blot analysis ( Figure IB, lanes 5 and 6) . The improved yield of secreted enzyme using the HPL signal sequence was not accompanied by a decrease in the intracellular pool of HGL, as indicated by a Western blot analysis of the protein accumulated in the cell (data not shown), suggesting that the HPL signal sequence probably acts by altering the expression level of HGL rather than by modulating the amount of expressed protein that could pass through the secretory system. On the other hand, when melittin SP was used in the construction, no lipase activity could be detected in the insect cell supernatant. This lack of activity corresponds to a lack of secretion of the protein, because no immunoreactive protein could be detected by a Western blot analysis ( Figure IB, lane  4) . Two other cotransfections of insect cells with construction m and two independently isolated transfer constructions containing the melittin SP were performed again and the same negative results obtained. The presence of two immunoreactive bands in the pellet of infected cells with construction m (the major band having a molecular mass of ~30 kDa and the other band having the expected molecular mass of ~50 kDa), revealed using polyclonal antibodies against native HGL, seems to be in favor of an incorrect SP cleavage of the protein. It has been reported previously by others that the substitution of SP derived from other secreted proteins for the natural SP could lead to drastic changes in the secretion of heterologous proteins. For example, the amounts of papain secreted by cells infected with a papain precursor containing the melittin SP were about five times those produced with the construction containing the natural plant SP (Tessier et al, 1991) . On the other hand, papain was not secreted when insect cells were infected with papain precursor containing the a-amylase SP of Drosophila melanogaster (Tessier et al., 1991) . Expression of another acidic lipase (the human lysosomal acid lipase) in the baculovirus/insect cell system using the pVT plasmid vector containing the melittin leader sequence provided sufficient amounts of human lysosomal acid lipase for a biochemical analysis (Sheriff etal., 1995) .
Purification of rHGL rHGL was secreted in an almost pure form in the supernatant of insect cell culture media during the first 3 days postinfection ( Figure 1A, lanes 4 and 5) . The main problem we were confronted with was how to concentrate the supernatant. Lyophilizing the insect cell media and then dissolving the lyophilized material in water resulted in the loss of ~50% of the lipase activity. A partial recovery of the lipase activity was obtained after dialysis of this material against 100 mM ammonium bicarbonate, pH 7.8, which resulted in the recovery of 63% of the initial lipase activity. The alternative method, consisting of directly filtering insect cell media on a YM 30 Amicon membrane, was time consuming and led to a partial inactivation of the enzyme, even when the experiments were performed at 4°C. Therefore we also decided to concentrate HGL from insect cell media supernatant by performing a 0.6 s ammonium sulfate precipitation and then extensively dialyzing the precipitate against 100 mM ammonium bicarbonate, pH 7.8. This treatment resulted in the complete recovery of lipase activity together with some yellow material from the culture media, which was still present after dialysis and Monolayers of High Five™ cells were grown in serum-free medium (Ex-cell™ 405) in 75 ml flasks prior to infection at a multiplicity of infection of 3. 1 ml of supernatant corresponds to ~5X 10 6 cells. Activities were monitored using standard tributyrin (TC4) as a substrate, as described in Materials and methods. subsequent gel filtration chromatography. Therefore we performed a cation-exchange chromatography on SP Sepharose. It was then possible to remove this yellow color by washing the preparation extensively with 0.15 M NaCl in 20 mM sodium acetate (pH 4.0); pure HGL was then eluted (60% yield of lipase activity) with 0.3 M NaCl in 20 mM sodium acetate (pH 4.0) ( Figure 1A, lane 9) .
Biochemical characterization of rHGL
The N-terminal protein sequence (LFGKLHPGSPE), determined from the HGL secreted by insect cells infected with the recombinant baculovirus containing its natural SP nucleotide sequence, indicates that the cleavage site occurs at the expected position, between Gly-1 and Leu+1, as observed with nHGL. On the other hand, the N-terminal sequence of the rHGL, obtained using the construction containing the HPL SP with the first three amino acids of the pancreatic lipase nucleotide sequence, was KLHPGSPEVTMNI. Therefore, it can be assumed that either the signal peptidase cleavage site in insect cells was incorrect or an insect peptidase was responsible for the subsequent deletion of the first three N-terminal amino acids of the protein. On evaluating the probability of cleavage occurring at the KEV-KLH junction, using von Heijne's (1986) method, no K at the -3 position and no V at the -1 position were ever observed among 161 eukaryotic nonhomologous signal sequences with known cleavage sites. Therefore it seems unlikely that cleavage at the KEV-KLH junction may have been caused by the action of the insect signal peptidase. It is worth noting that the N-terminal protein sequence of rabbit gastric lipase was also found to be shorter by three amino acid residues, beginning at Lys residue 4, when aligned with HGL (Moreau et al, 1988a) . However, the three lacking residues at the N-terminal end of the protein (Leu-Phe-Gly) were deduced from the cDNA sequence of rabbit gastric lipase (Benicourt et al., 1993) . Limited N-terminal proteolytic cleavage is thus likely to have occurred. The amino acid sequence of rHGL expressed from the construction containing The exact amount of rHGL used (prepared from the supernatant of insect cells infected with construction p) was estimated either after amino acid analysis or protein determination according to Lowry et al. (1951) , or by performing an ELISA . These three determinations were all in good agreement. nHGL was measured according to Lowry et al. (1951) , as well as spectrophotometrically at 280 nm .
the HPL SP was determined up to residue 16. Asnl5 was detected, indicating that this residue is probably not glycosylated. We were unable to detect any residue at position 15 of nHGL, however, which suggests the presence of a glycan chain. Lamb pregastric lipase has also been found to be glycosylated at that position (de Caro et al, 1995) . This result confirms once more that heterologous recombinant proteins are less fully glycosylated by insect cells than by mammal cells. The pi patterns of rHGL (prepared from the supernatant of insect cells infected with construction p) and nHGL are given in Figure 2 . Three isoforms were observed in rHGL, with calculated pi of 7.0 (minor band), 7.5 and 8.1. Some heterogeneity therefore existed as the result of glycosylation, although it was less marked than in the natural form (lane 3). The relative amounts of each isoform were determined after gel scanning. The minor form (pi 7.0) amounted to 20.2%, whereas the other two isoforms with pi 7.5 and 8.1 accounted for 36.2 and 43.6%, respectively. rHGL prepared from the supernatant of insect cells infected with construction g displayed exactly the same pi pattern (data not shown). nHGL has a more complex isofocusing pattern and at least four isoforms could be observed. The lowest fuzzy band, migrating at the same level as horse myoglobin (pi 6.85), has a pi of 7.0, as calculated from the regression curve ( Figure 2B ). The other three bands have respective pi values of 7.4, 7.5 and 8.0. These values differ slightly from those published previously (Moreau et al, 1992) . Upon scanning the gel it was estimated that the HGL isoforms with pi values of 7.0, 7.4, 7.5 and 8.0 accounted for 22.4, 47.8, 13.5 and 16.3% of nHGL. The HGL expressed in the baculovirus/insect cell system showed less heterogeneity than nHGL because the band with a pi value of 7.4 and a few minor bands at a pi of ~6.8 disappeared.
pH profiles of the rates of hydrolysis of short-, medium-and long-chain triacylglycerols by rHGL and nHGL The results reported here were obtained with rHGL expressed using the HPL signal sequence. However, no differences in pH profile of the rates of hydrolysis of triacylglycerols and specific activities by rHGL were observed when the other form of rHGL (e.g. HGL expressed using its own signal sequence) was used.
Maximum specific activities with a pH optimum of 6.0 (Figure 3) , of 730 and 923 units/mg, were obtained with trioctanoylglycerol as the substrate and with rHGL and nHGL, respectively. These two values are fairly similar but slightly lower than the value (1110 units/mg) obtained with nHGL on trioctanoylglycerol at pH 6.0 and 37°C (Carriere et al., 1991) . Likewise, HGL specific activities of 562 units/mg at pH 5.7 and 801 units/mg at pH 5.5 on tributyroylglycerol were observed with the rHGL and nHGL, respectively, compared with 1160 units/mg (Gargouri et al, 1986) . The hydrolysis of short-and medium-chain triglycerides by rHGL thus accounts for 70 and 79%, respectively, of the hydrolysis rates displayed by the natural enzyme. The curve giving the pH dependence of the rHGL activity on tributyroylglycerol shows a sharp maximum, differing significantly from the broad bell-shaped curve of nHGL (Figure 3) .
HGL activity was assayed on long-chain acylglycerols with an Intralipid™ 30% emulsion (as recommended by Gargouri et al., 1986) consisting of soybean oil triacylglycerol emulsified with lecithin. HGL activity on Intralipid™ emulsion has been reported to result only from triacylglycerol hydrolysis as no phospholipase activity has been found to occur with nHGL in the classic egg-yolk assay (Carriere et al., 1991) . The highest specific activity on Intralipid™ emulsion was observed with rHGL (434 units/mg at pH 3.5), which is 1.4-fold higher than the maximum specific activity of nHGL (301 units/mg, pH 5.0) and lower than the value obtained previously with nHGL (600 units/mg at an optimum pH between 4 and 5) (Gargouri et al., 1986) . It is worth noting that rHGL has a pH optimum of 3.5 on long-chain triglycerides and still shows 100% activity after being incubated at pH 1 for 4 h (data not shown). These two properties argue for improving the efficiency of the rHGL in future substitutive enzyme therapies in the case of patients suffering from pancreatic deficiency (B6nicourt et al., 1993) .
Potential importance of glycosylation in HGL activity
The differences observed between the activity-pH profiles of nHGL and rHGL might reflect the disparities between the glycosylation levels. In fact nHGL can also be said to be a mixture of several isoenzymes differing in their amino acid sequences. We have obtained an incomplete cDNA clone coding for HGL with a deduced amino acid sequence differing slightly from the sequence published by Bodmer etal. (1987) ; it seems to indicate the existence of HGL isoenzymes. Complete glycosylation of HGL is not necessary, however, for its catalytic activity. A similar conclusion was reached previously after treating HGL with endoglycosidase F, because no change in lipase activity was detected after incubating HGL for 5 h with endoglycosidase F, although the nHGL band (molecular mass 50 kDa) disappeared completely and a mixture of fully and partially deglycosylated HGL bands was observed on SDS-PAGE analysis (Bodmer et al., 1987; Moreau et al, 1992) . The fact that nonactive HGL was produced in E.coli supports the view that glycosylation is probably necessary for the global folding of HGL, as reported in the case of many other proteins, although the formation of incorrect disulfide bonds cannot be excluded. In the case of human lysosomal acid lipase (HLAL), contradictory results have been reported about its catalytic activity based on attempts to express the protein in bacterial systems (Seedorfe/ al, 1993; Sheriff et al, 1995) .Tunicamycin treatment of S/9 insect cells resulted in the production of inactive HLAL, which was detected intracellularly (Sheriff et al, 1995) . The authors concluded that 'cotranslational glycosylation of HLAL was necessary to produce a catalytically active enzyme, but occupancy of glycosylation sites was not necessary for the maintenance of a catalytically active conformer'.
Experiments are now under way at our laboratory to mutate each of the four putative glycosylation sites so as to reduce further the heterogeneity of HGL preparations and to determine which of the putative glycosylation sites is/are most strongly involved in protein folding and whether glycosylation may affect the specificity of HGL towards substrates with different chain lengths.
